Abstract Biofilm formation can make significant effects on bacteria habits and biological functions. In this study, diketopiperazines (DKPs) produced by strain of Bacillus amyloliquefaciens Q-426 was found to inhibit biofilm formed in the gas-liquid interface. Four kinds of DKPs were extracted from B. amyloliquefaciens Q-426, and we found that 0.04 mg ml -1 DKPs could obviously inhibit the biofilm formation of the strain. DKPs produced by B. amyloliquefaciens Q-426 made a reduction on extracellular polymeric substance (EPS) components, polysaccharides, proteins, DNAs, etc. Real-time PCR was performed to determine that whether DKPs could make an obvious effect on the expression level for genes related to biofilm formation in the strain. The relative expression level of genes tasA, epsH, epsG and remB which related to proteins, extracellular matrix, and polysaccharides, were downregulated with 0.04 mg ml -1 DKPs, while the expression level of nuclease gene nuc was significantly upregulated. The quantitative results of the mRNA expression level for these genes concerted with the quantitative results on EPS levels. All of the experimental results ultimately indicated that DKPs could inhibit the biofilm formation of the strain B. amyloliquefaciens Q-426.
Introduction
In nature, bacteria prefer to live in surface-associated communities called biofilms (Aguilera et al. 2008 ). In the biofilms bacteria are embedded in an extracellular polymeric matrix and protect themselves against environmental stresses and antimicrobial treatment (Costerton et al. 1995; De Kievit 2009) . With most bacteria investigated so far, biofilm formation proceeds through at least three developmental steps (O'Toole et al. 2000; Watnick and Kolter 2000) : (i) initial attachment of individual cells to a surface, (ii) aggregation of these cells to microcolonies, and (iii) differentiation of the microcolonies into a mature biofilm (i.e., the development of typical three-dimensional biofilm architecture). Biofilms have been implicated in many persistent and chronic bacterial infections, including periodocarditis, endocarditis, osteomyelitis, caries, chronic lung infections in cystic fibrosis patients, urinary tract infections, chronic otitis media, gastrointestinal ulcers (Costerton et al. 1999) . The causative microorganisms of biofilm-associated infections are different among Grampositive species of Staphylococcus, Streptococcus (Karlowsky et al. 2004) and Enterococcus (Thomas et al. 2008) as well as Gram-negative bacteria, such as Pseudomonas aeruginosa (Purevdorj et al. 2002) , Escherichia coli, Actinobacillus actinomycetemcomitans (Kaplan et al. 2004) , and Burkholderia cenocepacia (Huber et al. 2001) .
In recent years, much attention has been directed towards understanding the biology of biofilms and towards searching for inhibitors of biofilm development (Goncalves et al. 2014; Elchinger et al. 2014) . The bacterial capsular polysaccharide was found to inhibit many bacteria biofilm formation (Goncalves et al. 2014) , and a set of proteases immobilized on chitosan showed anti-biofilm activities on several pathogenic bacteria (Elchinger et al. 2014) . Diketopiperazines (DKPs), otherwise referred as cyclic dipeptides, have attracted the attention of microbial researchers for their biological activities including antibacterial (Prasad 1995; Qi et al. 2009; De Carvalho and Abraham 2012; ElGendy and Rateb 2015) , antifungal (Byun et al. 2003) , antifouling (Li et al. 2006) , antilarval (Qi et al. 2009 ), and antitumor (Du et al. 2010; Wang et al. 2015) activities. DKPs have been isolated from various microorganisms, such as from fungi like Fusarium oxysporum (Trigos et al. 1995) , Porphyra yezoensis (Byun et al. 2003) , and Penicillium sp. (Du et al. 2010) ; and from bacteria like Pseudomonas spp. (Degrassi et al. 2002; Holden et al. 1999; Musthafa et al. 2012) , Pseudoalteromonas spp. (Bowman 2007) , Haloterrigena hispanica (Tommonaro et al. 2012) , Vibrio spp. (Klose 2006) , Alcaligenes faecalis (Li et al. 2008) , and Bacillus spp. (Kumar et al. 2012; Wang et al. 2010a) ; and from actinomycetes like Streptomyces spp. (Cho et al. 2012; Li et al. 2006) .
Quorum sensing (QS), a generic regulatory mechanism used by many bacteria to perceive and respond to the density of the population, enables bacterial cells to communicate with each other and to coordinate their activities (Reading and Sperandio 2006) . Although there are different opinions on the roles of DKPs play in QS systems (Campbell et al. 2009 ), it has also been well documented that certain DKPs were found to be capable of activating or antagonizing LuxR-based QS systems (Degrassi et al. 2002; Holden et al. 1999; Tommonaro et al. 2012 ). Klose (2006) reported that L-cyclo(Pro-Phe) could stimulate the expression of major virulence factors in V. cholerae. It was suggested that L-cyclo(Pro-Phe) and L-cyclo(Pro-Leu) produced by A. faecalis played a probable role in spongebacterial interaction (Li et al. 2008) . The observation that QS-regulated bacterial production of DKPs modulates auxin signaling and plant growth promotion established an important function for DKPs mediating prokaryote/ eukaryote transkingdom signaling (Ortiz-Castro et al. 2011) . The roles of DKPs played in QS offered an alternative approach to activate or antagonize the QS-mediated biological activities, such as biofilm formation. Musthafa et al. (2012) reported that DKPs could inhibited the production of extracellular polymeric substance (EPS) and pyocyanin in P. aeruginosa PAO1.
B. amyloliquefaciens Q-426 had been isolated from compost samples in Dalian of China based on its antifungal activity. In previous study, B. amyloliquefaciens Q-426 was found to be a potential biocontrol agent against fungi and bacteria, but the biofilm formation played a negative role on it (Zhao et al. 2013; Zhao et al. 2014) . In this study, the DKPs extracted from B. amyloliquefaciens Q-426, which was suspected as signal molecule of several bacterial (Degrassi et al. 2002; Holden et al. 1999; Wang et al. 2010b) , can inhibit the biofilm formation of the strain by inhibiting the extracellular polymeric matrix formation.
Materials and methods
Microorganism and materials B. amyloliquefaciens Q-426 was isolated from compost samples in Dalian of China, and was preserved by the China Center for Type Culture Collection (CCTCC NO. M2010237). The strain grown at 37°C in LB medium.
L-cyclo(Ala-Val), L-cyclo(Pro-Val), L-cyclo(Pro-Leu) and L-cyclo(Pro-Phe) used in this study were synthesized by Chinese Peptide Company (Hangzhou, China).
Extraction, separation and identification of DKPs from B. amyloliquefaciens Q-426
The extraction method of DKPs from the culture supernatants has been described previously (Wang et al. 2010b) . Briefly, supernatants (20 L) from stationary-phase cultures of sample bacteria were extracted with equal volume of acidified ethyl acetate (0.5 % acetic acid) three times. The extract was concentrated by rotary evaporation (40-45°C) and the residue (about 3 g) was resuspended in 50 ml of methanol and n-butanol. Both solvents evaporated until dryness under reduced pressure. The methanol and normal butanol phase were pre-separated separately by column chromatography on silica gel with CH 2 Cl 2 /MeOH gradient into 3 (Fraction. 1-3) and 5 (Fraction. 4-8) fractions. Fraction. 3 was further purified by column chromatography on silica gel with CH 2 Cl 2 :MeOH (1:1) to yield compound 1 (20.2 mg). Fraction. 4 was further purified by column chromatography on silica gel with petroleum ether:CH 3-COCH 3 (1:2) to yield compound 2 (6.1 mg). Fraction. 5 was further purified by silica gel column chromatography with petroleum ether:CH 3 COCH 3 (1:3) to yield compound 3 (34.0 mg). Fraction. 6 was further purified by reverse column chromatography on silica gel with CH 2 Cl 2 :MeOH (1:1) to yield compound 4 (3.1 mg).
The structure of the compounds were determined by nuclear magnetic resonance (NMR) spectroscopy and gas chromatograph mass spectrometry (GC-MS). For NMR analysis, the compounds was dissolved in CDCl 3 at 10 mg ml -1 . A Bruker AVANCE III NMR Spectrometer (Bruker, Germany) of 500 MHz equipped with 13 C/ 1 H dual probe was deployed to measure the 1 H spectrum of the compounds. The mass spectra of the compounds were determined on a GCMS-QP2010 Plus (Shimadzu, Japan), and the detailed parameters set were described previously (Wang et al. 2010b ).
Biofilm experiment
For observation of biofilms by Atomic Force Microscope (AFM), the biofilms were cultured in the 6-well-microtitre plate (Corning, NY, USA) with glass coverslides in the wells. Each well with 2 ml LB medium was inoculated with overnight strain B. amyloliquefaciens Q-426 cultures (1 %, V/V). The plate was incubated for 24 h at 37°C without shaking. The liquid in the wells was removed by aspiration, and were rinsed once with sterile phosphatebuffered saline (PBS). The coverslides with biofilm were taken out carefully by nipper and dried by asepsis airflow.
For counting the adherent cells, biofilm formed in the microtitre plate wells were collected into 1.5-ml microtubes with 1 ml sterile water, and sonicated for 30 s to resuspend adherent cells. The cell suspension was diluted and plated under a microscope (10 9 40, OLYMPUS, Japan) to confirm the cells in biofilm were separated into single cells. The cell suspension was then plated on LB agar for determination of viable counts (CFU/well). The culture medium under biofilms was collected to measure the effect of DKPs on the planktonic cells. All experiments were performed at least in triplicate.
The biofilms used for EPS analysis were cultured in glass petri dish (A100 mm) system. One hundred milliliter medium inoculated with overnight strain B. amyloliquefaciens Q-426 cultures (1 %, V/V) was added to each dish and incubated as described previously. The biofilms were collected into 10-ml microtubes. The samples were immediately frozen by liquid nitrogen, freeze dried, and kept at -80°C.
For biofilms elimination assays, Cyclo(Pro-Phe) was used to investigated the effect of DKPs. The DKP (Cyclo (Pro-Phe)) was dissolved in 50 % acetonitrile to make DKP solutions with concentration of 1 mg ml -1 . DKP solutions was added to the medium with different concentration of 0-0.04 mg ml -1 to investigated the effect of DKP.
Microscopy and image analysis
The coverslides were glued onto the holder by silver paste, and then placed in AFM (Nanoscope IIIa, Digital Instruments, USA). Root mean square (rms) values obtained from 5 9 5 lm scan areas were used to determine the roughness of the biofilms. In measurements, a contact mode was used with pyramidal Au coated Si 3 N 4 tips. Images presented here were got through the V 5.31 software supported by the AFM supplier.
EPS analysis
Five milliliters of distilled water were added to each biofilms samples obtained previously, and incubated for 30 min under room temperature at 50 rpm. Samples were then centrifuged (15 min, 5000 g), and the supernatant, colloidal EPS fraction, was collected for further analysis.
The residue was then incubated in 5 ml of 0.5 M NaCl for 3 h at 80°C, and then centrifuged at 12,0009g for 30 min Supernatants, capsular fractions, were removed for further analysis. The total amount of extracted EPS fractions was measured by weight after lyophilization. The biochemical composition of the colloidal and capsular fractions was determined by the colorimetric methods described by Aguilera, et al. (2008) . The standards used here were bovine albumin serum, humic acid, glucose and salmon semen DNA.
Real time PCR analysis
Total RNA was extracted from the fresh cell of strain B. amyloliquefaciens Q-426 by RNAiso plus (Takara, Dalian, China) according to the manufacturer's instructions. The RNA concentration and purity were determined by measuring the values of OD 260 and OD 280 respectively. A ratio of absorbance (OD 260 /OD 280 ) between 1.8 and 2.2 was considered acceptable for purity. First strand cDNA was synthesized from total RNA by using a PrimeScript RT reagent kit with gDNA eraser (Takara, Dalian, China), and a control reaction with no RT polymerase was done to make sure that the RNA was not contaminated with DNA. The reverse transcription was carried out according to the manufacturer's instructions, and the cDNA obtained was stored at 4°C. The target genes for real-time PCR detection included nuc, tasA, epsH, epsG and remB. Sequences of the oligonucleotide primers (in Table 1 ) were designed according to real-time PCR primer selection software 3.0 from Applied Biosystems. The 16S rRNA primers were added as internal controls to correct the differences in total RNA amounts between the target and control samples. The real-time PCR was conducted in 7300 Real-Time System (Applied Biosystems, USA) with SYBR Premix Ex Taq II (Takara, Dalian, China) following the manufacturer's recommendations. Amplification was performed in a 20 ll reaction mixture and a melting curve was generated following amplification. The results were calculated as a normalized relative expression of genes using the DDC t method (Livak and Schmittgen 2001) .
Results

Characterization of DKPs
The compounds were identified as cyclo(Pro-Leu), cyclo(Pro-Val), cyclo(Pro-Phe) and cyclo(Ala-Val), and the chemical structure information of the isolated DKPs was listed in Table 2 . Cyclo(Pro-Phe) was used to investigated the effect of DKPs.
Morphological analysis of the biofilms formed by B. amyloliquefaciens Q-426 with DKP
The effect of DKP on biofilms formation was investigated by AFM. The surface structure images revealed that acetonitrile, which was the resolution of DKP, has no effect on the biofilms structure (Fig. 1a, b) , and the biofilms formed in medium with different concentration of cyclo(Pro-Phe) showed significant difference in 3D structure (shown in Fig. 1c-f) . The number and height of the mushroom appearance on the biofilms surface decreased with the increase of cyclo(Pro-Phe) (shown in Fig. 1 ). It is important note that the biofilms formed in 0.01 mg ml -1 cyclo(Pro-Phe) gave out obvious mushroom appearance on the surface as the control (Fig. 1a, c) . The biofilms appeared to be uniformly flat until the cyclo(Pro-Phe) increased to 0.04 mg ml -1 (Fig. 1f) , and it was indicated that biofilm was inhibited by cyclo(Pro-Phe).
Quantitative analysis of the biofilm with DKP
The composition of EPS and the cell number in biofilm was studied to illustrate the influence of DKP on B. amyloliquefaciens Q-426 biofilm, and all of the data were prepared in triplicate to minimize errors resulting from OD measurement. Treatment of the strain B. amyloliquefaciens Q-426 with 0.01 mg ml -1 cyclo(Pro-Phe) resulted in a 10-percent increase in the amount of CFU compared to the control. After then, the amount of CFU declines with the increasing of cyclo(Pro-Phe) (Fig. 2a) . The plate counting numbers of the culture medium under biofilms changed little which showed that cyclo(Pro-Phe) has no inhibition effect on planktonic cells (shown in Table S1 ). The component of polysaccharide in the biofilm changed in the same trends with the amount of CFU (Fig. 2d) . Figure 2d showed that the polysaccharide gave out a small increase under the treatment of 0.01 mg ml -1 cyclo(Pro-Phe), and then declined with the concentration of DKP increasing. Figure 2b , c indicated that DKP made the proteins, humic acids and extracellular DNAs in the biofilm declined, and the proteins declined faster than the humic acids. It was indicated that the increase of the polysaccharide made the mushroom appearance obviously under the treatment of 0.01 mg ml -1 cyclo(Pro-Phe).
Effect of DKP on the expression levels of the genes related to biofilm
Five genes including nuc, tasA, epsH, epsG and remB, which are associated with biofilm formation were selected by the BLAST program in NCBI (http://www.ncbi.nlm.nih. gov/). Here we present validation of a real-time RT-PCR method to quantitate mRNA expression levels of these genes in strain B. amyloliquefaciens Q-426 with or without cyclo(Pro-Phe) treatment. Five pairs of primers were obtained for real-time RT-PCR, and 16S rRNA was used as the internal control gene. The six pairs of primers were listed in Table 1 . The total RNA extracted from fresh cells of strain B. amyloliquefaciens Q-426 was resolved on agarose gels (1 %, 19 TAE), and the electrophoresis images (see Figure S1 ) indicated that the RNA is suitable for further experiment. After a quantitative PCR amplification, the C t values of the target genes and internal control gene were obtained. The dissociation curve indicated that there is no primer dimmers and contamination in the PCR system (see Figure S2 ). Relative expression ratios of the target genes in strain B. amyloliquefaciens Q-426 with cyclo(Pro-Phe) versus control sample (without cyclo(Pro-Phe)) were shown in Fig. 3 . Compared to control, the relative expression levels of tasA, epsH, epsG and remB genes were downregulated in the sample 3 [with 0.04 mg ml -1 cyclo(Pro-Phe)]. The relative expression level of nuc gene was significantly upregulated when 0.04 mg ml -1 cyclo(Pro-Phe) was added. Figure 3 shows that there is no distinct change on the expression levels of tasA, epsG, remB and nuc genes in sample 2 [with 0.01 mg ml -1 cyclo(Pro-Phe)], except for a small increase on epsH.
Discussion
Biofilm formation by pathogenic bacteria often results in lower susceptibility to antibiotic treatments and in the development of infections; thus, biofilm formation can be considered as an important virulence factor. In recent years, much attention has been directed towards screening for inhibitors of biofilm development. Biofilm is defined as a sessile microbial community characterized by adhesion to a bio-surface and by production of a matrix, which surrounds the bacterial cells and EPS including extracellular polysaccharide (Boles et al. 2005) , protein (Bowman 2007) , and DNA (Barken et al. 2008) . SEM analysis of the biofilms revealed that under the effects of DKPs, the mushroom appearance on the biofilms went to be uniformly flat (Fig. 1f) . These results indicated that polysaccharides, proteins, and DNAs which formed the biofilm extracellular matrix were dispersed by DKPs. Previous studies have revealed that polysaccharides played multiple roles in the establishment and maintenance of biofilms (Boles et al. 2005) . Microscopic analysis of biofilms revealed that cells embedded in EPS matrix contains open channels, which facilitate access to nutrients and oxygen and enable removal of waste products (Lawrence et al. 1991) . Polysaccharides have been shown to be necessary for maintaining the open channel structures surrounding microcolonies (Davey et al. 2003) . Figure 2a , d showed that 0.01 mg ml -1 DKP made a little increase on the cells and polysaccharides, which could explain the little change between the 3D structure of biofilms in Fig. 1a , c. These results also consisted with the quantitative results of the mRNA expression level on epsH (Fig. 3) , which was suspected to be the gene associated with polysaccharides biosynthesis in B. amyloliquefaciens DSM 7 (GeneBank: FN597644). All of these results showed that the increase on cells and polysaccharides made the biofilm with 0.01 mg ml -1 DKP change little. Cyclo (Pro-Phe); d with 0.02 mg ml -1 Cyclo (Pro-Phe); e with 0.03 mg ml -1 Cyclo (Pro-Phe); f with 0.04 mg ml -1 Cyclo (ProPhe). All of the images were obtained from five zones of each sample tested Fig. 2 The effects of DKP on the cells number and EPS components in biofilm. The CFU/well was used to calculate the cells number. Here the concentration with 0 was the control sample with 50 % acetonitrile. All experiments are performed in triplicate It was suggested that early in biofilm development, extracellular DNAs was a key component holding cells together (Watnick and Kolter 2000) and helped stabilize the biofilm matrix. Allesen-Holm et al. (2006) found that for the lasI/rhlI mutant with thin and flat biofilms, the extracellular DNAs was very little. The nuclease gene nuc contributed to biofilm detachment of Staphylococcus aureus (Kuier et al. 2004) , and was able to degrade the extracellular nucleic acids. The quantitative results of the mRNA expression level on nuc increased to 17.03 fold of the control with 0.04 mg ml -1 DKP (Fig. 3) . The Fig. 2c showed that the DNAs composition decreased significantly according to the increase of mRNA expression level on nuc gene. The decrease in the DNA component was an important reason for structure changes on biofilms (Fig. 1c-f) .
The genes of tasA, epsG and remB are all related to the biosynthesis of proteins in the biofilms. The gene of tasA codes for the amyloidogenic protein TasA, which is the cell-anchored amyloid fibres in biofilm extracellular matrix (Romero et al. 2011) . The product of gene epsG is the transmembrane protein EpsG, which is able to promote the extracellular matrix formation in biofilms (Stoodley et al. 1999) . The gene of remB codes for the regulator of the extracellular matrix (Borriss et al. 2011) . The mRNA expression level of the genes tasA, epsG and remB decreased obviously in the sample with 0.04 mg ml -1 DKP, and this result was also shown in the decrease of the proteins composition. The biofilm-associated proteins were involved in bacteria adherence to polystyrene surface, intercellular adhesion, and biofilm accumulation (Stoodley et al. 1999) . Here the decrease of proteins made the biofilm become flat and thin (Fig. 1c-f) .
The work in this study indicated that DKPs could inhibit the biofilm formation in B. amyloliquefaciens Q-426. The previous work suspected that DKPs was the signal molecule of QS involved in several bacterial (Degrassi et al. 2002; Holden et al. 1999; Wang et al. 2010a, b) , and QS was reported for the involvement in regulation of biofilm formation in P. aeruginosa (Davies et al. 1998) . B. amyloliquefaciens had been studied to produce DKPs as biofilms inhibitor of S. mutans (Gowrishankar et al. 2014) . In this study, DKPs produced by B. amyloliquefaciens Q-426 could inhibit the biofilm of the strain. Compared with other inhibitors of biofilm, such as protease and capsular polysaccharides (Goncalves et al. 2014; Elchinger et al. 2014) , DKPs is with small molecular weight, stable physical properties and can be synthesized artificially. It was indicated that DKPs may play as QS signal molecule to regulate the biofilm formation in the strain and may be a template for building a new kind of biofilm inhibitors.
